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Compared to their crystalline counterparts, nanowires made of metallic glass have not only superb
properties but also remarkable processing ability. They can be processed easily and cheaply like
plastics via a wide range of methods. To date, the underlying mechanisms of how these different
processing routes affect the wires’ properties as well as the atomic structure remains largely
unknown. Here, by using atomistic modeling, we show that different processing methods can
greatly influence the mechanical properties. The nanowires made via focused ion beam milling and
embossing exhibit higher strength but localized plastic deformation, whereas that made by casting
from liquid shows excellent ductility with homogeneous deformation but reduced strength. The
different responses are reflected sensitively in the underlying atomic structure and packing density,
some of which have been observed experimentally. The presence of the gradient of alloy

concentration and surface effect will be discussed. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913448]

Compared to their crystalline counterparts, metallic
glass nanowires (MG NWs) have many attractive properties
owing to the materials’ lack of long-range atomic structure
and metastability. The disordered atomic structure makes the
material isotropic in both structure and properties. For exam-
ple, faceting is absent in amorphous nanowires or nanopar-
ticles, whereas it is omnipresent in crystalline systems. In
contrast, the structural anisotropy in crystals leads to differ-
ent surface properties, making it difficult to fabricate nano-
scale devices and maintain their effective functionality. The
metastability of amorphous phase, on the other hand, enables
the nanoscale materials to be fabricated like plastics with
low cost and high throughput. The unique flow behavior of
glasses in undercooled liquid temperature can be utilized to
form and shape the viscous liquid into different nanomateri-
als. This property leads to various methods including hot
embossing or imprinting (HI),'~ wire drawing,*” gas atom-
ization,6 and even fracturing the solids, where thin ligaments
of metallic glass wires form.” Of course, other techniques
commonly used for fabricating crystalline wires can also be
used for amorphous wires, such as focused ion beam (FIB),
where either wires or pillars can be shaped by milling away
the rest of the materials outside of the wires using high
energy ion beams.®*'> While the wide range of fabrication
methods provides convenience to produce nanowires, basic
scientific questions arise regarding their potential influence
on the structure and properties as well as underlying mecha-
nisms. Among the most relevant factor is the holding time
that the metallic glass is exposed to at the elevated tempera-
ture in the undercooled liquid region. The rule of thumb in
practice is to hold the samples at the temperature long
enough to allow for fabrication without crystallization.'™ As
we show below, however, subtle but substantial changes
may still occur within this time window in chemical
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concentration,13 atomic structure, and, consequently, the

properties of metallic glass nanowires. These changes are
hard to detect but play an important role in wires’ properties.
An example is the enhancement of ductility when a metallic
glass nanowire is irradiated under electron beam for
extended time.'* This process is amount to thermal annealing
at elevated temperature followed by rapid quench; so exces-
sive free volume is believed retained in the wire that contrib-
utes to ductility. However, experiment alone cannot easily
resolve this mechanism at present. Another factor is the
effective cooling rate that the materials experience during
fabrication of amorphous nanowires, which is especially rel-
evant in gas atomization, casting, and drawing. Nanowires
obtained using these methods usually involve cooling down
to room temperature. Although the cooling is usually
regarded as rapid empirically, whether it is sufficient to
avoid these subtle changes in nanowires still remain unan-
swered. The last is acquisition of the mechanical properties
in nanowires. Due to the size limitation, it is generally diffi-
cult to measure mechanical properties of small wires with
diameters less than 100 nm,””*'>~'7 not to mention how to es-
tablish the connection between the properties and the under-
lying atomistic mechanisms.

In this work, we examine these issues with molecular
dynamics (MD) simulation of a model binary metallic glass
made of CugsZrse. The atomistic modeling is indispensible
to obtaining information of atomic structure and local atomic
packing density, which are difficult, if not impossible, to ac-
quire from experiment alone. And the choice of the Cu-Zr bi-
nary system is motivated by the desire to have a simple
model metallic glass system that can be modeled theoreti-
cally and the results are relevant to experiment—the unusual
metastability of CugyZrss allows us to probe and compare
directly with the experimentally obtained properties.'®2°

To simulate different processing routes in producing
metallic glass nanowires, three methods are applied to make
nanowires. One is to cut a wire from a bulk sample at room

© 2015 AIP Publishing LLC
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temperature and subsequently perform relaxation to allow
the wire to reach mechanical equilibrium, which is analo-
gous to FIB milling.*'? The second is to have a wire cut out
from the bulk amorphous solid and subsequently warmed up
to undercooled liquid temperature above the glass transition
temperature; after holding it at this temperature for some
time we cool it down to room temperature. By following the
same procedure, one can also cool a wire directly from liquid
state. This process is commonly seen in HI,'™ wire draw-
ing,4’5 and fracturing, where local heating is present.” The
last approach is to cast the liquid above the melting tempera-
ture to a solid mold and allow it to cool down to room tem-
perature. These three methods represent different scenarios,
in which the relevant kinetic parameters are incorporated.

The bulk metallic glass (BMG) samples are prepared by
cooling the equilibrium CugyZr3¢ liquid to 300K at a cooling
rate of 1K/ps. From the bulk sample, we used the three
methods to fabricate different kinds of nanowires which
mimic the FIB, HI, and casting process in experiment,
respectively. The details of the sample preparation methods
are available in a recent publication.'® Here, we only give a
brief description of the procedure for modeling mechanical
properties of the nanowires. In this work, all the nanowires
have the diameter of about 12nm and the respect ratio of
about 3. Both tensile and compressive tests are conducted on
the nanowires as well as the BMG sample at 300 K under
zero pressure with a strain rate of 10%s™'. Periodic boundary
condition is used along axial direction, while free boundary
conditions are maintained for other two perpendicular direc-
tions. The deformation is implemented through finite incre-
ment of uniaxial strains; and at each strain, we allow the
atoms to relax so the correct Poisson contraction is reached.
At each applied strain, including zero applied strain, struc-
tural, and mechanical properties are calculated.

Figure 1 shows the stress-strain curves of the nanowires
under tensile and compressive loading, along with those of
the bulk sample. The insets are the snapshots of the local
atomic strain of the BMG and the nanowires fabricated by
the three methods at 12% applied strains; the atoms are col-
ored by atomic local shear strain 7" *! As a reference, we
first give the mechanical properties of the bulk sample here.
As compared with those of the nanowires except HI nano-
wire under tension, its stress-strain relations reveal that the
bulk sample has higher strength, as shown by the maximum
or peak stresses. Moreover, the compressive strength is
larger than tensile strength by about 10%. Using the 0.2%
offset method, we obtained the yield stresses. For compres-
sion, it is 2.32 GPa and 1.63 GPa for tension. The Young’s
modulus of the BMG is 78.3 GPa taken from the tangent
from the stress-strain curve. Experiment gives only the com-
pressive yield stress at 2 GPa and the 92.3 GPa for Young’s
modulus.'®

The nanowires, in general, appear weaker as shown by
both their lower maximum and yield stresses. In tension
(Fig. 1(a)), the strength of the HI wires are slightly higher
than the bulk, but the FIB and the casted wires have signifi-
cantly reduced strength, nearly a 30% drop in the maximum
stress for the casted wire. In compression (Fig. 1(b)), all
three types of wires show weakening, including the HI. The
weakest is the casted nanowire with nearly 40% decrease in
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FIG. 1. The stress-strain curves for bulk sample (BMG) and NWs under (a)
tension and (b) compression. The insets are the snapshots of the BMG, FIB,
HI, and casted NW colored by atomic local shear strain 5" at 12% overall
sample strain.

its maximum stress. The mechanical properties of the bulk
sample and the wires are summarized in Table 1.

While being the weakest, the casted nanowire is the
most ductile, as shown by the extended plastic strain and ab-
sence of any local deformation throughout the entire plastic
region. This is contrasted by the behaviors of other nano-
wires, where strong shear localization occurs immediately
around yielding. The localized deformation shows up as the
irregular shape of the wires caused by the local slip regions
and slip offset steps on the sample surface (see the insets of
Fig. 1). Note also that the occurrence of the local deforma-
tion in the nanowires is in tandem with the stress drop in the

TABLE 1. The mechanical properties of FIB, HI, and casted MG nanowires
with 12nm diameter as well as BMG sample at 300K under uniaxial
deformation.

Tension Compression
max Y max Y
O-&En ﬂlen com acom E

(GPa) &™* (GPa) &,

ten ten

(GPa) &¢™* (GPa) &' = (GPa)

com com

FIB NW 271 57 136 20 250 49 149 22 753

HINW 294 58 174 25 282 50 207 29 771
Casted NW 227 70 102 16 21 62 112 1.7 733
BMG 291 62 163 23 312 58 232 32 783
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stress-strain curves. The stress drop signals the extra energy
required to overcome the nucleation barrier of local
deformation.

Atomic strain distribution inside the samples reveals
more details of inhomogeneity of the plastic deformation.
The insets of Fig. 1 show the local atomic strain in the cross-
sections of the three different wires along the axial direction
at 12% overall sample strain. As a comparison, bulk sample
is also shown. One can see that with increasing applied
stress, local shear develops inside all wires, which resembles
closely that shown in the inset for the bulk samples. Close to
the yield point, these small deformation regions evolve dif-
ferently; some become larger local shear deformation zone
and other do not, depending on the processing route of how
the wires are made. For FIB and HI wires, the local deforma-
tion develops into large localized zone(s) soon after yielding
that eventually becomes shear band, as shown in the inset of
Fig. 1. In contrast, in casted wires, the local small strain
regions continue developing and spread to the entire sample,
resulting in homogeneous deformation. Note that the casted
Cugy”Zr36 nanowire shows different results as those reported
early for analog NisoNbsy metallic glass nanowires. Strong
shear localization was found in the casted wires while the
cut-and-relaxed ones exhibit uniform deformation.”? The
major difference between the two systems may arise from
the different interatomic potentials used—a Lennard-Jones
potential was used to represent interactions for Ni and Nb
atoms.

Note that the reason the local strain in the bulk sample
does not develop into singular larger shear zone is due to the
periodic boundary condition imposed on the sample. The
sample appears to be infinite, which prevents the instability
from occurring and delays the shear band formation. More
detailed account and analysis of the local shear development
will be presented in a separate publication.

The above observed ductility and brittle behavior in
terms of atomic strain in plastic deformation are also
reflected sensitively by the local atomic packing in the nano-
wires. Fig. 2 is the variation of the nearest atomic packing
with 12 nearest neighbors with five-fold symmetry, or the
icosahedral cluster (0,0,12,0) described by Voronoi index.
Due to the favorable atomic size ratio,”> when Cu and Zr are
mixed a large number of Cu atoms with surrounding neigh-
bor atoms form (0,0,12,0) cluster, over 10% (see Fig. 2). If
all 12 neighboring atoms at the vertices in the polyhedra
have five-fold symmetry, it is considered as icosahedron.***>
Therefore, when deformation occurs, the predominant local
packing in the metallic glass is disturbed most noticeably,
which can serve as a sensitive indicator for structural change.
(Other local packing may also change, but the sensitivity is
much less.’*?”) Fig. 2 shows that the strong but brittle amor-
phous FIB and HI nanowires all have roughly the same ini-
tial amount of (0,0,12,0) packing, although slightly higher in
the HI wires. It decreases monotonically with increasing
applied uniaxial strain till the strain reaches the value corre-
sponding to the maximum stress, which happens for both
tension and compression (Figs. 2(a) and 2(b)); and after-
wards it levels off. In contrast, the weak but ductile casted
wires not only have much lower initial amount of (0,0,12,0)
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FIG. 2. The evolution of the fraction of (0,0,12,0), or icosahedral cluster
during deformation for FIB, HI, and casted nanowires, as well as bulk sam-
ple (BMQG) in tension (a) and compression (b).

packing but also do not exhibit appreciable variation with
applied strain as in other nanowires and bulk samples.

Along with the atomic structure change, free volume is
another sensitive indicator and a possible reason for the dis-
tinctive mechanical responses in the different amorphous
nanowires. In order to execute displacement under applied
stress, an atom in the glass has to have some excess space
around it.*®?° More the open space around, or the less the
atomic packing density, the easier for an atom to move under
stress; and the material is weaker and consequently, more
ductile. Otherwise, it is strong and brittle. This volume
around an atom can be measured by Voronoi volume, or the
so-called atomic volume. Indeed, such a scenario is found in
the nanowires. Fig. 3(a) shows the initial Voronoi volume
inside the wires at zero applied strain and the changes under
different external deformation strain. The casted nanowire is
packed more loose with largest initial atomic volume, nearly
1% higher than that in the bulk sample, while the other wires
have slightly less volume as compared with the bulk sample.
This explains the weakening of the casted nanowires and the
slightly stronger of the HI nanowires (Fig. 1). Under external
loading, the wire volume changes. The relative excess vol-
ume change for all wires is shown to follow linear response
initially under small deformation strain (Fig. 3(b)),
oV /Vy = (1£2v)e, in the elastic regime for tension (4) and
compression (—), respectively, where V) is the initial vol-
ume, v is the Poisson ratio, and ¢ is the strain. Different
slightly from the result from linear elasticity, oV here is the
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FIG. 3. The mean Voronoi volume per atom inside of the nanowires with di-
ameter of 12nm (a) and the relative Voronoi volume normalized by its ini-
tial value before deformation (b). The data are plotted for both tension (with
positive strain) and compression (with negative strain) on the same figures.

volume change less the atomic volume of the sample.
Beyond the yield points, 6V deviates from the linear behav-
ior, following nearly the same trend as that of the stress in
Fig. 1: The JV in the casted wire breaks away from the linear
trend first at about 2% tensile and compressive strains and
continues to rise till reaching about 0.9% in tension before
leveling off; in compression, the maximum relative volume
decrease is smaller, at about 0.55%. In contrast, 6V of FIB
and HI wires under tension keeps increasing past the yield
point and follows almost that of the bulk sample closely till
reaching the maximum. In compression, the trend also
resembles as the stress-strain curve, except the volume
decreases. The reason for 6V to drop in the FIB and HI wires
after reaching the maximum stress is due to localized defor-
mation: The regions inside the local deformation zones have
larger volume change than the outside region. The average
we took from the entire sample reflects the re-partition of the
volume change in the two regions after yielding.

Our results so far show that the overall mechanical prop-
erties of metallic glass nanowires indeed depend on the proc-
essing routes, which are reflected through the change in the
atomic packing and the (free) volume change of the wires.
Behind these different properties, we could see the factors that
are related to the processing, i.e., time and temperature. The
ductile but weak casted wires are exposed to not only high
temperature but also rapid cooling, which result in the large
free volumes trapped in the wires. In contrast, the HI wires
treated at the undercooled liquid region for extended time

Appl. Phys. Lett. 106, 071905 (2015)
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FIG. 4. The Cu concentration profile along the radial direction in the casted
nanowire with diameter of 12 nm under different external tensile strains (a)
and the Voronoi volume profile (b).

have the smallest (free) volume, rendering the highest strength,
even larger than that of the bulk sample. The local atomic
structure change in the wires, especially by the most popular
local (0,0,12,0) atomic packing, also sensitively reflects the
different mechanical responses from different nanowires.

However, there are more subtle changes that the fabrica-
tion processing can bring to metallic glass nanoscale materi-
als. One is the chemical segregation induced by both
temperature and surface tension when the characteristic
dimension of the devices becomes small.'> Alloy element
redistribution can introduce drastic changes in not only
chemical or catalytic properties on the surface but also me-
chanical properties because segregated elements have differ-
ent elastic modulus and yield behavior. Fig. 4(a) is the Cu
distribution along the radial direction in a casted wire under
different external tensile strains. Along the same vein, we
also found redistribution of excess volumes, or free volume
gradient in the casted nanowires (Fig. 4(b)). How to sort out
the coupled chemical and mechanical effects remains to be
explored. Another is the surface tension. The contribution of
the surface stress to the overall mechanical behavior of nano-
wires becomes increasingly important when the diameter of
the wires is small, maybe governed by the equivalent
Young-Laplace relation. These issues are currently under
investigation.

The work was supported by the National Thousand
Talents Program of China.
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